We identify the previously unknown mechanism whereby rocksalt Ta x N can be continuously tuned from conducting to insulating through changes in stoichiometry. Experimental measurements on thin films, combined with electronic structure calculations on a host of native defects, show that the tunability arises from changes in the free electron concentration as a result of localization at Ta vacancies (V Ta ). The observed enhanced resistivity, transition from electron to hole conduction at xϳ0.6, and diminished mid-IR reflectance are consistent with the dominance of the V Ta defect in nitrogen-rich material. DOI: 10.1103/PhysRevB.65.245110 PACS number͑s͒: 71.30.ϩh, 68.35.Dv The metal-insulator transition occurs in doped semiconductors, quenched condensed metal films, metal-insulator mixtures, and inversion layers of field-effect transistors.
The metal-insulator transition occurs in doped semiconductors, quenched condensed metal films, metal-insulator mixtures, and inversion layers of field-effect transistors. 1, 2 The physical properties of Ta x N in the rocksalt structure are also found to span the range characteristic of this transition. While the widely varying properties have been recognized to some degree, the microscopic origin of this behavior is hitherto unknown. Ta x N in the rocksalt structure is of considerable current interest and is used in, and has potential for, a wide range of technological applications. For example, Ta x N is used as a diffusion barrier in copper interconnects on Si chips 3 and to make compact thin-film resistors. It exhibits superconductivity below 10 K ͑Refs. 4 and 5͒ and has been shown to hold promise as a barrier material in NbN-based Josephson junction 100ϩ GHz digital circuits when grown with a resistivity near the metal-insulator transition. 6 In this paper, we characterize the chemical, electrical, optical, structural, and thermoelectric properties of Ta x N films whose electrical properties are tuned from conducting to insulating by adjusting the stoichiometry. Theoretically, we investigate the electronic structure and formation energies of native point defects, focusing on the N-rich structures that have dramatically increased resistivities and are used in Josephson junction barrier layers. We also perform calculations for the nitrogen-rich, thermodynamically stable phases: namely, rocksalt Ta 4 N 5 (Ta 0.8 N) and orthorhombic Ta 3 N 5 (Ta 0.6 N). [7] [8] [9] Our results point conclusively to the V Ta as being predominantly responsible for the metal-insulator transition in rocksalt Ta x N. Vacancies in other nonstoichiometric transition-metal nitrides have been previously studied. 10 We extended this to the Ta x N system. Experimentally, Ta x N is synthesized in a high-vacuum sputtering system equipped with a dc magnetron sputter gun ͑model Torus 2C, Kurt Lesker Co.͒ containing a 99.5%-pure 5.1-cm-diam Ta target. Two types of substrates are used: 1 cm 2 ͑0001͒ sapphire and 10.2-cm-diam ͑100͒ Si wafers coated with a 140-nm thermal SiO 2 layer. The sheet resistance is measured with a four-point probe. Hall measurements are made in the Van der Pauw configuration with a 1-T magnet. X-ray diffraction measurements are performed using a Rigaku ͑model DMAX-A͒ diffractometer. Seebeck measurements are performed on a custom system with a stage containing a temperature gradient and two Chromel-Alumel thermocouples. The thermovoltage is measured between the two points, Chromel to Chromel and Alumel to Alumel, with this value applied to correct the thermocouple wire thermovoltage. Rutherford backscattering spectroscopy ͑RBS͒ is used to determine the chemical composition and film thickness. Optical reflectivity is measured using a Bruker infrared spectrometer ͑model IFS 86 w/s͒. High-resolution crosssectional transmission electron microscopy ͑TEM͒ is performed on a Jeol microscope ͑model JEM-4000EX͒ operating at 400 keV with an interpretable resolution of 0.17 nm.
Density-functional-theory ͑DFT͒ calculations are performed using the first-principles full-potential linearized augmented plane wave ͑FLAPW͒ method 11 within the localdensity approximation ͑LDA͒ with the Hedin-Lundqvist exchange-correlation functional. 12 We treat the core states fully relativistically and the valence states scalarrelativistically, and use angular momenta up to lϭ8 in the muffin-tin spheres for both the wave functions and charge density in the self-consistent cycles. We consider high and low defect concentrations by creating the defects in ideal 8-and 32-atom TaN cells which model the defect systems in rocksalt Ta x N. For the former, the energy cutoff for the plane-wave expansion in the interstitial region between the muffin-tin spheres is taken to be 25 Ry and also for the 18-atom Ta 0.8 N compound. For the larger ''32-atom'' systems ͑which includes the Ta 0.6 N structure͒, a slightly lower cutoff of 20.7 Ry was used. The atomic positions of all atoms are fully relaxed until the force on each atom is less than 1 mRy/a.u. Further calculation details can be found in Ref. 13 .
Density functional calculations performed using the ''8-atom'' cell ͑high-concentration defect structures͒ for the N-vacancy (V N ), Ta-vacancy (V Ta ), N-antisite (N Ta ), and N-interstitial (N i ) induce a change in the equilibrium volume of Ϫ0.85%, Ϫ2.55%, Ϫ1.52%, and ϩ3.15%, respectively, when compared to stoichiometric defect-free TaN. Lowconcentration ''32-atom'' defect systems are calculated using the theoretical stoichiometric TaN lattice constant of 0.437 nm ͑the experimental value is 0.4385 nm͒. [7] [8] [9] The six nearest-neighbor atoms to the V Ta , V N , and N Ta sites relax inwards by 3%, 7%-10%, and 8%-10%, respectively, in the fully relaxed geometry. The equilibrium volume of the thermodynamically stable structure, Ta 0.8 N, is calculated to be 1.81% smaller than the corresponding theoretical stoichiometric TaN volume and is 1.2% smaller than the experimental value. We also fully relaxed the internal coordinates and find very good agreement with experiment. [7] [8] [9] For the larger and more complex Ta 0.6 N structure, we only optimized the equilibrium volume where it is 0.1% smaller than experiment.
We calculate the formation energy as E f ϭE tot defect ϪnE tot bulk ϩn Ta Ta ϩn N N , where E tot defect and E tot bulk are the total energies of the defect calculated using the supercell and a bulk TaN unit, respectively, and n is the number of Ta ͑and N͒ atoms in the ideal supercell ͑i.e., without a defect͒. n Ta and n N are the number of Ta and N atoms, and Ta and N are the corresponding chemical potentials, which account for atoms that are added to, or taken from, the ideal supercell to create the defect under consideration. We assume both species are in thermal equilibrium with bulk TaN; thus, Ta ϩ N ϭ TaN where TaN is the chemical potential of TaN. We also have the boundary conditions N Ͻ1/2 N 2 and Ta Ͻ Ta(bulk) , where N 2 and Ta(bulk) are the chemical potentials of ͑two͒ N atoms in the nitrogen molecule and of a Ta atom in bulk Ta, respectively. For nitrogen-rich conditions, we set N ϭ1/2 N 2 and for tantalum-rich conditions, we set Ta ϭ Ta(bulk) . With these constraints, the range of the nitrogen chemical potential is
Calculations of bulk Ta and TaN and the N 2 dimer are also required and details of these are reported in Ref. 13 in which the calculated heat of formation is Ϫ2.48 eV. The calculated formation energies as a function of the nitrogen chemical potential are shown in Fig. 1 .
The calculations indicate that V Ta and V N have by far the lowest formation energies for N-and Ta-rich conditions, respectively. The dominance of vacancies in nonstoichiometric Ta x N is consistent with the conclusions of a recent x-ray emission study.
14 Later in this paper, we will show that the electrical, optical, and thermoelectric properties of nitrogenrich Ta x N can be attributed to the dominance of the V Ta defect. The N i is energetically very unfavorable ͑not shown in Fig. 1 ; values range from ϳ14.9 to 12.4 eV for Ta-and N-rich conditions, respectively͒ and the next most unfavorable is the antisite ͑or substitutional͒ defect N Ta . The V N formation energy is lower for the higher concentration, and for the V Ta it is the opposite. The V Ta in the ordered rocksalt Ta 0.8 N compound has the lowest energy, consistent with the fact that it forms in nature.
Figures 2͑a͒, 2͑b͒, and 2͑c͒ show total and partial density of states for stoichiometric TaN, the low-concentration V Ta ͑calculated in the ''32-atom'' cell͒, and the highconcentration V Ta ͑calculated in the ''8-atom'' cell͒, respectively. Also shown in Fig. 2͑d͒ is an even higherconcentration V Ta system corresponding to a defective rocksalt structure (Ta 0.6 N) as calculated in a cell containing 10 N atoms and 6 Ta atoms. The V N and the N Ta ͑not shown͒ have a relative DOS at E F similar to, or higher than, stoichometric TaN, i.e., similar to a conventional metal. These defects act ''donorlike'' in that they add free electrons to the conduction band. In contrast, the Ta-vacancy structures have a reduced DOS at E F as compared to bulk TaN. In particular, it can be seen that with increasing V Ta concentration, the DOS at E F diminishes monotonically, with a corresponding reduction in the free carrier concentration. V Ta is therefore ''acceptorlike'' in that it spatially localizes free carriers in the conduction band. For V Ta , an increase in the number of states in the region Ϫ1 to Ϫ4 eV below E F can also be seen ͓Fig. 2͑c͔͒. For the ''low-concentration'' case, only a sharp feature around Ϫ4 eV below E F occurs ͓Fig. 2͑b͔͒. Inspection of the band structure shows that the latter features are defect-related states. Also, the 2s-like state of the neighboring N atom is at a higher energy than in stoichiometric TaN, as would be expected from charge transfer to an acceptor site. Figure 3 ͑right͒ shows the band structure for the V Ta , corresponding to Fig. 2͑c͒ , where the Brillouin zone and high-symmetry lines and points are illustrated. For comparison, the ideal stoichiometric TaN bulk band structure is shown ͑left͒, as calculated also using the ''8-atom'' cell. From Fig. 3 ͑right͒, it can be seen that a defect-related state occurs around Ϫ17 eV, as well as in the energy range Ϫ1 to Ϫ4 eV ͑seen most clearly around the M -R-⌫ region͒.
Figures 2͑e͒ and 2͑f͒ show the total and partial density of states for two phases that form in nature: Ta 0.8 N, an ordered defect configuration in the rocksalt structure, and Ta 0.6 N, an orthorhombic structure. For Ta 0.8 N, the DOS at E F exhibits a sharp minimum, in contrast to stoichiometric TaN. New features at around Ϫ3 to Ϫ5 eV below E F also occur. There is an upward shift in the N-2s level, as seen for other tantalumvacancy systems. In contrast to the very small, but finite, DOS at E F for rocksalt Ta 0.6 N ͓Fig. 2͑d͔͒, the orthorhombic Ta 0.6 N structure exhibits a 1.5 eV band gap ͓Fig. films produced at reduced nitrogen pressures (Ͻ1.4 mTorr nitrogen partial pressure͒ are crystalline with a near-bulk lattice constant of 0.439 nm, as evidenced by the dominance of the ͑111͒ x-ray diffraction Bragg peak at 35.5°with a full width at half maximum ͑FWHM͒ of 0.5°͓Fig. 4͑a͔͒. For films with a N:Ta ratio greater than 1.5, a much wider Bragg peak at ϳ34.6°with a FWHM of 2.6°is found ͓Fig. 4͑b͔͒. The extended lattice constant (ϳ0.450 nm) and wide diffraction peaks are typical of oriented nanocrystalline material as a result of the significant fraction of material in the grain boundary regions under tensile stress. 15 This conclusion is consistent with TEM results. Figure 4͑c͒ illustrates a crosssectional TEM image of a nitrogen-rich film grown under the same deposition conditions used to produce barrier layers in Josephson junctions exhibiting large characteristic voltages (Ͼ2 mV). The material has a ϳ5-nm subgrain mosaic structure with misorientations on the order of Ϯ5°. Figure  5͑a͒ shows that there is a clear trend between the increase in N content in the films, enhancement in resistivity, , and reduction in resistivity ratio, (300 K)/(20 K). The conductivity at 200 K in the same samples as in Fig. 5͑a͒ is plotted as a function of stoichiometry in the inset. The conductivity follows a monotonic drop from a large metallic value for stoichiometric TaN, to a minimum value near Ta 0.6 N. The trend line was derived assuming a constant electron mobility ͓0.1 cm 2 /(V s)͔ and a free electron density resulting from the contribution of two electrons per occupied TaN pair in conjunction with a reduction of five free electrons per pentavalent V Ta acceptor. Note that the experimental values fall near this trend line. The observed minimum at a Ta:N ratio of 0.6 is strong evidence for the dominance of the pentavalent V Ta acceptor in the nitrogen-rich material. Hall measurements are only able to give an upper bound of 0.1 cm 2 /(V s) at room temperature due to the limited resolution possible when measuring low-mobility samples with a low-field magnet, but are consistent with the value derived from the trend line.
Mott 1 proposed that the metal-insulator ͑M-I͒ transition occurs at a resistivity of Kh␣/q 2 where K is a constant between ϳ3 and 6, h is Planck's constant, q is the electron charge, and ␣ is a characteristic length corresponding to a value on the order of the Bohr radius for Mott insulators and the mean free path for Anderson insulators. From the measured upper bound of mobility in our samples, a mean free path of 0.05 nm is inferred. Although this corresponds to an unphysically small value, we expect that ␣ will fall between this value and the bond distance ͑0.22 nm͒, resulting in a M-I transition between ϳ0.4 and 4 m⍀ cm from Mott's analysis.
In Fig. 5͑b͒ we show the mid-infrared ͑MIR͒ reflectance of Ta x N. The decreased reflectance in films with increasing nitrogen content is attributed to the reduction of free carriers. To infer the free carrier concentration from the optical data, a mean least-squares fit was performed assuming the same mobility used to determine the trendline in Fig. 5͑a͒ , inset, and standard equations for the dielectric function and the reflectance of a Drude free electron gas in the presence of a singlephonon model. 16 It is clear that the free carrier densities determined from the electrical and optical data are similar when a common value for mobility is used. 17 In Fig. 5͑c͒ , the Seebeck coefficient of sputtered Ta x N thin films is illustrated. Films with Ta:N ratios less than ϳ0.66 have predominantly hole (p-type͒ conduction. The drop in the Seebeck coefficient for Ta 0.43 N is not unexpected since this sample also exhibits a decreased electrical resistivity ͓not shown in Fig. 5͑a͔͒ , presumably as a result of enhanced hole doping. We note that from thermoelectric data alone, it is difficult to give a quantitative estimate of the number of charge carriers since the Seebeck coefficient is a strong function of electron conductivity, density of states, and carrier type. This transition from hole to electron dominant thermovoltage occurs at a stoichiometry of Ta 0.66 N, which is slightly lower than expected ͑i.e., Ta 0.6 N). For these films, the inhomogeneous nature of the material, as well as the large number of defects present, will influence the number and type of free carriers in the films. Anderson localization would also be expected to drive the material insulating at lower nitrogen content than for ordered material, as is observed experimentally. It is clear that the observed properties are strong evidence for the dominance of the V Ta defect and are inconsistent with the dominance of the other nitrogen-rich defects, including the N Ta defect.
In summary, the electrical properties of rocksalt Ta x N can be finely tuned from highly conductive to insulating through adjustment of stoichiometry. The dominance of the V Ta under N-rich conditions is predicted theoretically and is consistent with the experimentally observed electrical, optical, and thermal properties. 
